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• A socio-ecological systems approach
was used to explore a large Lough eco-
system.
• Limiters, enablers, conflict and opportu-
nities were identified using this.
• Invasive species and extractive activities
were key limiters.
• Conservation, research, key habitats and
species were key enablers.
• Modularity analysis revealed opportuni-
ties for meeting the needs of multiple
users.
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Inland aquatic ecosystems play an important part in the delivery and support of ecosystem services. However,
these ecosystems are subject to stressors associated with human activities such as invasive species introduction
and landscape alteration. There is a delicate balance between maintaining good status of the ecosystem whilst
meeting the needs of those stakeholders dependent on the ecosystem services it supplies, and where there are
many different stakeholders, each with different aspirations and dependencies on the ecosystem, it can be diffi-
cult to strike a balance on suitable management measures to put in place. A better understanding of the interac-
tions between the human and ecological functions of the ecosystem (a socio-ecological systems (SES) approach)
can enable an effective dialogue to be opened to secure management solutions of best fit. In this study we took a
SES approach to explore the dependencies and interactions in the Lough Erne catchment with a range of stake-
holders representing the use of the Lough. In particular, we explored how individual stakeholder goals were per-
ceived to be affected by both the biodiversity and activities found in the catchment. Results suggest there are
distinct components deemed integral to the success of stakeholder goals in this system, including ‘key habitat
components’ and ‘policy relevant species’, as well as activities associated with ‘conservation and recreation’
and ‘scientific research’. Those components whichwere seen to limit the potential achievement of most goals in-
cluded invasive species, and in particular, more recently introduced invasives, as well as extractive industries.
Consideration of the similarity in goals based on their perceived interactions with the activities and biodiversity
of the system indicated that there were shared dependencies between some stakeholders, but also differences
that highlight the potential for conflict. Future management scenarios should take consideration of the key lim-
iting and enabling factors identified here.
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1. Introduction
It is estimated that inland aquatic ecosystems make up 8–9% of the
earth's land surface (Janse et al., 2015). They are important due to
their species richness, unique biodiversity and their supply of ecosystem
services (Farber et al., 2006). Aquatic ecosystems can be impacted by a
range of stressors such as nutrient loading (Rabalais, 2002), invasive
species (Janse et al., 2015), climate change (Daufresne et al., 2009)
and human alteration of the landscape (Allan and Johnson, 1997;
Naiman and Turner, 2000). Rarely do these stressors act in isolation in
terms of their effects on the ecosystem, and the activities required to
meet the needs of one stakeholder may introduce stressors that impact
the needs of another. US Pacific Northwest salmon fisheries provide one
example of how different activities, such as fishing and hydroelectricity
generation can have combined impacts upon valuable ecosystem com-
ponents resulting in complex management challenges (Lackey, 2000;
O'Higgins, 2015).
To comprehensively understand ecological impacts of a changing sys-
tem in linewith the differing needs of stakeholders and society as awhole,
a socio-ecological system (SES) approach can be taken (Ostrom, 2009). A
SES is a systematic approach to understanding both socio-cultural and
ecological structures together. It identifies interactionswithin a system in-
cluding the activities, biodiversity, ecology, users, resources and social in-
fluences (Ostrom, 2009). Within this system it is important to recognise
the differing drivers acting on stakeholders. For example, national and in-
ternational policy commitments place pressure on particular stakeholders
to meet objectives that may relate to conservation of key habitats or spe-
cies, or the maintenance or growth of particular industries and these pol-
icy and sectoral objectives are frequently contradictory or notwell aligned
(O'Higgins, 2017). Meanwhile, other stakeholders are acting to support or
protect the immediate needs of the local community or their own liveli-
hoods. In order to understand the dynamic and complex management
needs of such a system, the importance of setting out the goals of all stake-
holders and considering the interaction of thesewith the SES has been de-
scribed (Reeves andDuncan, 2009). By recognising the dynamics and uses
of the full SES, it is argued thatmore effective environmentalmanagement
andplanning canbeadopted (Crooks et al., 2011). Suchaholistic approach
to environmental management has often been referred to as Ecosystem
Based Management or the Ecosystem Approach (e.g. Mee et al., 2015).
Application of the SES approach frames situations dealing with com-
plex social-ecological problems and allows the identification of key as-
sumptions present in a given context, in addition to overlooked factors
that may be important to the system overall or in other specific contexts
(Bennett andGosnell, 2015). Previous studies have succeeded inmapping
social and the ecological parts of these systems, but the interactions be-
tween these parts can have emergent properties that need to be consid-
ered (Hamann et al., 2015). The SES framework allows information
fromdifferent disciplines to be integrated in such away that can be useful
tomanagersmaking decisions in complex situations, but it has been diffi-
cult to operationalise (Leslie et al., 2015). However, developments have
been made over different spatial and temporal scales related to resource
management issues resulting in greater insights into management op-
tions than if the social and ecological systems were assessed alone (e.g.
Dearing et al., 2014; Leslie et al., 2015; Hossain et al., 2017), and the
framework has been used to embed ideas such as payments for ecosys-
tem services (Bennett and Gosnell, 2015). Operationalising the SES ap-
proach can consist of a mapping phase, where stakeholders are
consulted to provide input into the final map of the SES, followed by a
quantitative analysis based on indicators and modelling to investigate
management options (e.g. Leslie et al., 2015; Hossain et al., 2017). How-
ever, the use of formal models can be problematic in fully integrating so-
cial dimensions, such as aspects of human behaviour (Schluter et al.,
2017). Thus, there is a place for both quantitate modelling and broader
approaches to understand complex interactions.
Herewe take a semi-quantitative approachwhere the SES in question
is mapped conceptually based on perceptions of actors in the system in
terms of the influence of particular resource units (e.g. the biodiversity
and habitats of the system) and resource users (e.g. major activities de-
pendent on and influencing the system) on the potential of them to
reach their own goals. Lough Erne was chosen as the study site for this
work due to its wide use by humans, historical importance and ecological
changes over time. It is a transboundary water body, situated in County
Fermanagh, Northern Ireland and is the 3rd largest lake in the UK and
Ireland, measuring 109 km2, draining from a catchment of 4212 km2
(Lafferty et al., 2006). The Upper Lake is a Special Area of Conservation
(SAC) and a designated RAMSAR site (O'Higgins, 2016). The Lough is
used by a variety of stakeholders formultiple activities (e.g. fishing, hunt-
ing, boating, andhydroelectricity). So far over the past century, there have
beenmany biological changes to the Lough (Fig. 1). In the 1850s, the lake
was relatively pristine (compared to modern times), with little evidence
for anthropogenic disturbance. Introduction of nutrient loading in the
1900s resulted in eutrophication and an associated increase in phyto-
plankton concentrations (Battarbee, 1986). Construction of a Hydro-
power scheme followed and has been associated with reduced salmon
runs (Mathers et al., 2002) and subsequent changes to the system include
the displacement of Rudd by the introduction of roach aswell as a decline
in water clarity due to increasing point and diffuse nutrient sources asso-
ciatedwith sanitation fromadevelopingpopulation aswell as agricultural
activity. Most recently, there has been the arrival of invasive species such
as the zebra mussel (Dreissena polymorpha) (Rossell et al., 1998) which
has been associated with an increase in water clarity (Maguire et al.,
2006), but impacts some activities due to the fouling of boat hulls.
There has also been the more recent invasive species introduction of
Nuttall's pondweed (Elodea nuttallii)whichhas led to an increased chance
of floating pondweed mats becoming dislocated and blocking the en-
trance to the hydroelectric power plant (Clayton and Champion, 2006)
whilst also limiting boat traffic (Zehnsdorf et al., 2015). Some attempts
have been made to reduce the extent of Nuttall's pondweed by shading
and dredging, but the efforts have been expensive and benefits short-
lived (Kelly et al., 2013).
This study will seek to explore the socio-ecological system of the
Lough Erne catchment area by eliciting the goals of a range of stake-
holders with dependencies on the ecosystem, and facilitating the as-
sessment of how those goals are affected by other activities and the
ecological structures (biodiversity) of the SES, thereby setting out the
types of interactions found. The following objectives will be achieved:
1. To identify all stakeholders with an interest in the Lough Erne system
and their key goals.
2. To identify the activities and biodiversity components that have a di-
rect association with the Lough Erne aquatic ecosystem.
3. To explore how goals identified under 1 are perceived to be affected
by the activity and biodiversity components from 2, in terms of act-
ing in either a positive, neutral or negative way towards the achieve-
ment of said goals.
In seeking to better understand the SES of study, we set out to iden-
tify the key stakeholders, activities and biodiversity components that
feature in the area and the interactions between them. By considering
these across a range of stakeholder goals, we aimed to identify any
key limiters or enablers and where there was similarity in this, also ex-
ploring the potential for conflict due to differences in dependencies on
the Lough system and its activities.
2. Methods
The approach taken was to pre-select the socio-ecological compo-
nents of the study system (collectively referred to as ‘SES components’
throughout) building on structured typologies from relevant policies
(see Borgwardt et al., this issue and Teixeira et al., this issue). We took
this more structured top-down approach because we wanted to ask
all stakeholders to each consider the same set of SES components,
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such that it would be possible to compare similarities and differences in
the perceptions of stakeholders of the components of the SES in terms of
the effects on the achievement of their goals. We acknowledge that the
components selected do not cover all those that would make up a full
SES (see Ostrom, 2009; Leslie et al., 2015), but we sought to focus on
themanageable activities, main users and how biodiversity is perceived
in the system. These categories are partially accountable for the changes
in the system, and the interconnections between them. The method for
selecting each set of components is described below.
2.1. SES components
2.1.1. Stakeholders
Stakeholders were identified by starting with an outline of the users
of the Lough system as identified by O'Higgins (2016), and adding to
this through an online search using combinations of the following key
search terms: ‘Lough Erne’, ‘activities’ and ‘wildlife’, and specific activity
and biodiversity names, e.g. ‘waders’, ‘recreation’ and ‘fishing’. In order
to effectively construct the SES for analysis, a diverse range of stake-
holderswere explored to ensure both relevant representatives of gover-
nance (e.g. local and national governmental departments) and resource
users of the lough were included.
2.1.2. Activities
Activity components were identified for the SES, using stakeholder
activities as an initial guide. This was then combined with evidence
supplied byO'Higgins (2016) to further identify activities not previously
distinguished based on relevant stakeholders. Activities included are
those carried out in the catchment that can impact on and/or benefit
from the Lough ecosystem in someway. Once a substantial list was cre-
ated, these were placed under headings following the classification of
activities developed by the EU (2006). The use of the EU classification
also helped to ensure that all possible activities had been considered.
2.1.3. Biodiversity
O'Higgins (2016)was used as a starting point to identify thefish spe-
cies (both native and non-native), aquatic plants, insects, amphibians,
mammals and birds found within the Lough Erne catchment. This was
supplemented by reviewing all management plans related to imple-
mentation of national and international biodiversity policies relevant
to the area, as well as considering habitats and taxa named on the
websites and social media pages related to the activities and stake-
holders identified under Sections 2.1.1 and 2.1.2. The biodiversity com-
ponents included are all dependent on the aquatic ecosystem of the
Lough Erne catchment in some way and include those listed in the bio-
diversity and conservation policies and directives relevant to the Lough
Erne system,with others chosen due to their cultural significance. Com-
ponents included specific focal taxa such as ‘common roach’ and ‘pike’,
as well as broader components such as ‘amphibians’ and ‘rivers and
streams’. This approach was taken to enable consideration of both the
broad range of biodiversity and habitats representative of the Lough
Fig. 1. Lough Erne biological changes (taken from O'Higgins, 2016) presented in four distinct transitions. Pristine refers to little to no anthropogenic change to the aquatic system. Human
alternation refers to nutrient changes brought on by human interaction with the Lough. Eutrophication denotes large nutrient loading and human disturbances. Invasion refers to the
introduction of invasive species, most notable of which have been the Zebra mussel and Nuttall's pondweed.
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Erne ecosystem, as well as highlighting taxa that would be of policy or
socio-cultural relevance.
2.2. Workshop
All stakeholders identified under Section 2.1.1 (15 in total) were in-
vited to aworkshop on the banks of the Lough in Co. Fermanagh, North-
ern Ireland – first through email, then by a follow-up phone call.
Thirteen stakeholders were able to attend, representing a broad range
of the major uses and interests in the Lough system. The participating
stakeholders of the workshop were asked to partake in three exercises.
In the first exercise, stakeholders identified three medium term goals
(of significance over a five year period) of their organisation that related
to the Lough Erne system. After completion of exercise one, each stake-
holder was asked to prioritise one goal they deemed the most pressing
or important to take forward to use in exercises two and three.
For exercise two, stakeholders were given a set of 22 illustrated
cards (Fig. 2) which depicted the list of activity components identified
as described in Section 2.1.2. Participants were asked to assign each ac-
tivity type to one of the following categories based on how it would af-
fect the achievement of their selected goal. In total, there were 6
categories: ‘strongly negative’, ‘negative’, ‘neutral’, ‘positive’, ‘strongly
positive’ and ‘do not know’. Exercise three followed the same pattern,
but each were given the set of 37 biodiversity component cards
(Fig. 2) (identified under Section 2.1.2) to place into the same six cate-
gories: from ‘strongly negative’ to ‘strongly positive’ with a ‘do not
know’ pile. Cards were not given in any particular order.
2.3. Data analysis
Unfortunately it was not possible to gather complete data from one
of the stakeholders, and as such, analysis was undertaken on 12 of the
13 stakeholder responses going forward.
2.3.1. SES components
The overall connectance (represented here as the proportion of all
possible interactions shown as positive or negative) and the distribution
of all interactions between positive, strongly positive, negative or
strongly negative categories was explored at the level of stakeholder
goals (with activity and biodiversity components separately), activities
(with goals) and biodiversity components (with goals). To ensure
stakeholder anonymity, all analyses were undertaken at the level of
the goals, rather than using the identity of stakeholders.
2.3.2. SES overall interactions
The Lough Erne socio-ecological system was visualised by exploring
the similarity and dissimilarity in goals using modularity analysis.
2.3.3. Modularity
Modularitywas used to identify sub-sets of goalswith greater similar-
ity due to their interactions with (1) activities and (2) biodiversity com-
ponents (Beckett, 2016). This was based on Newman's modularity
measure,which uses simulated annealing tomaximiseweighted bipartite
modularity. It was calculated at the stakeholder goal level using the
‘LDTR_LPA_wb_plus’ function (Beckett, 2016) in the R package ‘bipartite’
(Dorman et al., 2017). This was used to explore groupings of goals in
terms of how they are affected by (1) activities and (2) biodiversity com-
ponents. All interactions were included in the modularity analysis, incor-
porating both ‘don't know’ and ‘neutral’ results; however ‘don't know’
results had to be treated as an equivalent to a neutral result. In order to
run the modularity analysis (which cannot incorporate missing values)
categorical results were assigned scores as follows: ‘strongly negative’
(1), ‘negative’ (2), ‘neutral’ and ‘don't know’ (3), ‘positive’ (4) and
‘strongly positive’ (5). Scores are depicted in terms of the shading used




The twelve stakeholders represented in the analysis, had a diverse
range of goals that they had selected as being a priority issue with de-
pendence on the Lough Erne socio-ecological system. Individual
Fig. 2. Example of illustrated cards given to stakeholders during exercises two and three of a workshop used to elicit perceptions of the relationship between biodiversity components and
activities with the achievement of the goals of a diverse range of stakeholders engaged with the Lough Erne socio-ecological system. Different colours were used to define activity and
biodiversity components.
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stakeholder goals ranged from protecting local heritage or biodiversity,
engaging with communities, reducing the impact of invasive species, to
increasing hydropower output from the hydroelectric dam and reduc-
ing impacts of pesticides in waterways (Table 1).
Connectance of goals with the activities undertaken in the Lough
catchment ranged from 18 to 95% (Fig. 3a), with the majority of goals
being perceived to have positive or negative interactions with around
75% of activities. For two goals, ‘Hydropower’ and ‘Drainage’, low levels
of connectance overall (b30%) were recorded, with many Lough activi-
ties recorded to have no net effect on the potential to achieve the se-
lected goal. However, only two out of the 264 goal/activity
interactions assessed were returned as a ‘do not know’ response, and
the majority of interactions were perceived as a negative effect of the
activity on the achievement of stakeholders' goals (Fig. 3a). The goals
that featured a higher proportion of positive interactions with the
Lough activities were the ‘Recreation’ and ‘Engagement’ goals, whilst
the ‘Commercial’ goal had similar numbers of positive and negative in-
teractions overall. The highest proportion of strongly negative interac-
tions with activities was for the ‘Biosecurity’ goal (Fig. 3a).
Connectance of goals with the biodiversity components ranged be-
tween 5 and 92% (Fig. 3b), with biodiversity components perceived to
have particularly low levels of relevance to achievement of the ‘Drainage’
and ‘Commercial’ goals. Of the 421 goal/biodiversity component interac-
tions assessed, 23 were returned with a ‘do not know’ response, but in
contrast to the interactions of goals with activities, for only three of the
12 goals was there the perception that there would be more negative ef-
fects (on achievement of goals) of biodiversity components, than positive
effects. These were found in the case of the ‘Commercial’, ‘Hydropower’
and ‘Biosecurity’ goals. For a number of the goals (those with lowest
connectance, see Fig. 3b), there were high numbers of the biodiversity
components where it was thought that there would be no net effect on
achievement of the goal (a neutral response was given). Highest propor-
tions of positive interactions with biodiversity components were re-
corded for the ‘Engagement’ and ‘Recreation’ goals (Fig. 3b).
3.1.2. Activities
Connectance of individual activities with the stakeholder goals
ranged between 33 and 100% (Fig. 4), with ‘floodmanagement’ and ‘hy-
droelectric power’ perceived to have relevance to the achievement of
each of the 12 stakeholder goals. The lowest levels of connectance
with stakeholder goals were recorded for ‘Wind farms’, followed by
‘Turf cutting’ and ‘Wildfowl hunting’. Two activities, ‘Conservation &
restoration’ and ‘Scientific research’ had both high levels of connectance
and only positive effects on goals of the stakeholders perceived, whilst
five activities were only associated with negative interactions with
goals and most of these were relevant to N50% of the stakeholders
(Fig. 4). Twelve of 22 activities were perceived to have negative effects
on the potential to achieve goals, for 50% or more of the stakeholders.
Most notable in terms of negative interactions, were ‘Mining & quarry-
ing’, ‘Flood management’, ‘Boating/Watersports with engine’, ‘Hydro-
electric power’ and ‘Roads & transport’. It was also of interest that 14
of 22 activities were perceived to have negative effects for some
stakeholder's goals and positive effects for others. Activities with
mixed effects included ‘Tourism’, ‘Boating/Watersportswithout engine’,
‘Coarse Angling’, ‘Game Angling’ and ‘Boating infrastructure’.
3.1.3. Biodiversity
Thebiodiversity components ranged from25 to92% connectancewith
the 12 stakeholder goals explored, with lowest levels of connectance for
the ‘Leaf beetle’, ‘Arable land’ and ‘Canadian pondweed’ (Fig. 5). Both
the broad ‘Rivers & Streams’ and ‘Lake’ components were perceived to
have both high levels of connectance with, and mainly positive effects
on, goals of stakeholders. For 25 of the 27 biodiversity components, a
higher proportion of interactions with stakeholder goals were perceived
to be positive, but in all cases, some negative effects on goalswere also re-
corded. For 10 components, there were more negative interactions with
achievement of goals than therewere positive; these biodiversity compo-
nents were almost all non-native taxa (Fig. 5). Nuttall's pondweed and
zebra mussels were noted to have a particularly high proportion of nega-
tive interactions with stakeholder goals.
3.2. SES overall interactions
3.2.1. Modularity
Although there was a high degree of overlap, modularity indicated
four sets of stakeholder goals that share connections in terms of how ac-
tivities and biodiversity components are perceived to influence their
likely attainment (Figs. 6 and 7). Across both sets, the ‘Biosecurity’
goal was identified as having a distinct set of interactions, whilst the
grouping of goals in the remaining three modules differed dependent
on whether interactions with activities (Fig. 6) or biodiversity compo-
nents (Fig. 7), were being considered.
In terms of interactionswith activities, four goals hadmainly neutral
or negative interactions with activities operating in the Lough (Module
A.A, Fig. 6), only having positive interactions with a limited number of
specific activities (e.g. ‘Flood management’ for the Drainage goal and
‘Hydroelectric Power for Hydropower and Drainage goals). For a second
set of goals (Module A.B., Fig. 6) strongly positive effects of a number of
activitieswere indicated (e.g. conservation and recreation), but strongly
negative interactions suggested for others. Negative effects included in-
teractions with hydroelectric power, which had been perceived to be
positive in terms of enabling achievement of the first set of goals, show-
ing potential for conflict between sets of stakeholders over the regula-
tion of particular activities. A third set of goals had in common that
Table 1
The selected stakeholder goals identified by stakeholders as those of greatest priority over the short-medium term and to be affected by state of the Lough Erne biodiversity and/or activ-
ities taking place in the Lough and its catchment. Goals as defined by stakeholders and alsowith an abbreviated goal name and number as used throughout the presentation and discussion
of results.
Stakeholder goal Abbreviated goal name (goal number)
Reverse declines in biodiversity Biodiversity (G1)
Protect and restore biodiversity in the Erne Basin through a ‘living landscape’ approach Living landscape (G2)
To continue to develop conservation projects which are primarily focussed on attempting
to reverse the decline in breeding waders on the Lough (particularly snipe, curlew, redshank)
Waders (G3)
Manage the spread of invasive species throughout inland waterways Invasives (G4)
Reduce and eradicate issues with biosecurity Biosecurity (G5)
To generate as much hydropower as possible Hydropower (G6)
Create, assist and enable continued and increased outdoor recreation activities Recreation (G7)
Increase public participation and awareness on catchment management Engagement (G8)
To achieve a vision of a vibrant and sustainable rural economy through a coordinated approach
to the protection and enhancement of Lough Erne's unique heritage
Econ & Heritage (G9)
Mitigate risks of pesticides in water Pesticides (G10)
Provide a drainage function to rivers in the catchment and maintain within statutory levels Drainage (G11)
Management of commercial development Commercial (G12)
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they were positively affected by activities associated with recreational
use or environmentalmanagement (A.D., Fig. 6), but had neutral or neg-
ative interactions with some of the more extractive activities (e.g. min-
ing and quarrying, hydroelectric power and commercial fishing).
For the first grouping of goals based on interactions with biodiversity
components (Fig. 7, Module BA), a wide range of species, broad
taxonomic groups and habitats were perceived to have strongly positive
effects on the achievement of stakeholder goals, which covered restora-
tion of biodiversity, wader numbers, reductions in invasives and promot-
ing a living landscape. This grouping of goals was meanwhile negatively
associated with many of the non-native species, such as common roach,
and Nuttall's pondweed (Fig. 7), although there seemed to be differentia-
tion between thenon-natives in termsof how theywere perceived for the
Invasives goal, with some indicated as being neutral in terms of the likely
effect on achievement of that goal (Fig. 7). The Biosecurity goal was
(strongly) negatively associated with almost all of the biodiversity com-
ponents (Module BB, Fig. 7), perhaps indicating the difficulty in limiting
biosecurity breaches across any aspect of biodiversity. The second major
grouping of goals based on biodiversity interactions, was dominated by
neutral interactions with biodiversity, regardless of the type of biodiver-
sity, and in particular in reference to the ‘Pesticides’, ‘Drainage’ and ‘Com-
mercial’ goals (Module BC, Fig. 7). This module also included the
‘Engagement’ goal, which was perhaps grouped in this module because
like the other goals therein, it had a fairly consistent type of association
across all biodiversity components; however, the type of association
was more often positive than neutral, and no negative interactions were
indicated. The final module based on associations with biodiversity com-
ponents included two goals that had strongly positive associations with
many of the larger more charismatic and culturally relevant broad taxa
(e.g. Birds, Mammals, Amphibians) and specific species (e.g. Pollan, Eel,
Eurasian otter and Atlantic salmon) but negative interactions with some
of the non-native species, whilst positive interactions with others that
were of interest in terms of recreational activities (e.g. common roach
and ruddy duck) (Fig. 7, Module BD).
4. Discussion
It has been suggested that a better understanding of the socio-
ecological interactions in a system could enable finding management
strategies that are both more successful and less contentious (Bohnet
and Smith, 2007). In this study, the perceived effect of economic activi-
ties and biodiversity components of an extensive Lough system on the
potential for stakeholders to achieve their goals was explored using a
structured assessment delivered through facilitated workshop






















































Fig. 3. The proportion of negative (blue), strongly negative (red), positive (green) and strongly positive (purple) scores across the (a) 22 activities, and (b) 37 biodiversity components explored
for each of the 12 stakeholder goals (see Table 1). Numbers at the end of each bar indicate the overall connectance of the components with goals (as the percentage of all components that had
either negative or positive interactions with that goal).
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exercises.We set out to explore the functionality of the socio-ecological
system (SES), in particular whether stakeholders identified key limiters
or enablers to achieving their goals and whether there were shared or
conflicting dependencies expressed. Twelve different goals were identi-
fied, suggesting the Lough provides multiple benefits and services and
highlighting the potential difficulty in implementing effective manage-
ment plans to meet the needs of each stakeholder.
4.1. Key limiters
‘Mining & quarrying’, ‘Boating/Watersports with engines’, ‘Flood
management’ and ‘Hydroelectric power’ were all suggested to be lim-
iters to achieving N65% of stakeholders' goals in the Lough Erne SES ex-
plored. The conflict between the needs for generation of hydroelectric
power and the potential to achieve goals around biodiversity conserva-
tion, ecosystem heritage and recreation (e.g. module A.A. in Fig. 6) is
well documented for aquatic ecosystems across the World (Dudgeon
et al., 2006). In Lough Erne itself it seems that the concerns around the
activities related to the hydroelectric dam spread wider than simply
the acknowledged effect on the Salmon run (Mathers et al., 2002). How-
ever, this is a key activity in terms of governmental commitments to
meet their renewable energy needs; still, this analysis helps to illustrate
that multiple users of the system feel they are restricted in their ability
tomeet other (in some cases, international policy) goals because of this.
It is important to recognise that only a subset of stakeholders were
represented in this analysis. One might expect that should goals of
local residents, farmers and landowners have been better represented,
there might have been a more balanced response for the interactions
with ‘Flood management’. In those stakeholders represented, however,
negative effects on goal achievement were noted for 9 of the 12 goals
explored,with greatest concern expressed for the effect on goals around
the ‘Living Landscape’ and the restoration of ‘Waders’ in the system. The
result for ‘Mining & quarrying’ was more surprising since there is not
much actual activity occurring within the Lough catchment (Cameron
et al., 2014). At the same time, however, some areas of the Lower
Lough catchment have been cleared for exploratory testing (DETINI,
2011) and it has been noted that, in general, public opinion of the min-
ing sector is poor compared to other sectors, with pressure groups chal-
lenging the industry as a whole (Jenkins and Yakovleva, 2006).
‘Boating/Watersports with engine’ was perceived to have many
more negative effects on goal attainment than those without engines
(where most interactions were positive). The disturbance associated
with motorised boats and watersports is well documented in terms of
effects on resident and migratory taxa, but a key issue is likely to be
with reducing the spread of invasives and other risks to biosecurity as
boats have high potential to spread invasive species between water
sources (Vander Zanden and Olden, 2008). It was notable that those
goals perceived to have negative interactions with invasive species
were also those where ‘boating/watersports with engine’ were seen to
be limiting (Figs. 6 & 7). By contrast, despite eutrophication influenced
by agricultural activities in the catchment being widely documented
(e.g. Battarbee, 1986), agriculture was only perceived to be limiting
for 50% of the goals explored. This may be explained by the need to ex-
plicitly include the pressures introduced by activities (e.g. Knights et al.,
2013), such that the pathways between activity, ecosystem state and
the implications of this on user needs are evident (see Culhane et al.,
this issue). For example, nutrients (introduced by agriculture) are con-
sidered to be amajor contributor to the recent proliferation of the inva-
sive pondweed Elodea nutallii (Kelly et al., 2015).
Invasive specieswere shown to be one of the key limiters to achieve-
ment of stakeholder goals – notably ‘zebramussels’ and ‘Nuttall's pond-
weed’, having largely negative scores. The zebra mussel was first
witnessed in Lough Erne in 1996 and its effects have been well docu-
mented due to the economic impact the species has had in many
water bodies (Pejchar and Mooney, 2009). For those goals which seek
to increase outdoor recreational activity and tourism, zebra mussels
can cause damage to boating equipment as well as cause injuries to
bathers. Goals which aim to protect biodiversity may also see issues
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Fig. 4. The proportion of negative (blue), strongly negative (red), positive (green) and strongly positive (purple) scores across the 12 stakeholder goals for each of the 22 activities.
Numbers at the end of each bar indicate the overall connectance of the components with goals (as the percentage of all goals that had either negative or positive interactions with that
component).
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with zebra mussels due to their effect on changing nutrient concentra-
tions (Strayer, 2009) and the resulting consequences on primary pro-
duction (Ludyanskiy et al., 1993). However, there has also been a
notable improvement in water clarity in the Lough since zebra mussels
were introduced (Maguire et al., 2006): it is interesting that overall ef-
fects of this invasive species are still perceived as negative for many
goals of stakeholders dependent on the system. ‘Nuttall's pondweed’,
a relatively recent introduction that has been thriving in the system
over the past decade, was also seen as a key barrier to achieving stake-
holder goals. It is known to impact on boating because it makes water-
ways impassable (Zehnsdorf et al., 2015) as well as to make swimming
unattractive. Floating mats of Nuttall's pondweed can also block en-
trances to hydropower stations (Clayton and Champion, 2006).
Zebra mussels and Nuttall's pondweed were not the only invasive
species perceived to negatively impact stakeholder goals. For the
broad ‘Biodiversity’ and ‘Living Landscape’ goals, most invasive species
were deemed to have a strongly negative effect. However, the goal
focused onmanaging the spread of invasive species through inland wa-
terways (‘Invasives’, see Table 1), did not score all invasive species
equally, reflecting the emphasis on those species that are both listed
in the Alien species conventions and likely to be spread in waterways.
In Great Britain alone, it has been estimated to cost the UK economy
£25 million per year to control freshwater invasive species (Vernon
and Hamilton, 2011). Their control is often difficult and unsuccessful
and currently there is no control to effectively stop or eradicate Nuttall's
pondweed (Vernon and Hamilton, 2011), which is a concern for the SES
studied here since it is perceived to be having a strongly negative effect
on the achievement of half of all goals considered.
4.2. Key enablers
A key theme in the SES explored is the need to protect and conserve
biodiversity as well as local economy and heritage. This theme was
reflected by the fact that the ‘conservation and restoration’ activity
was perceived to be relevant to all of the stakeholders' goals explored
and to have a strongly positive connection with eight stakeholders'
goals. Participants also recognized the need for ‘scientific research’
reflecting recent studies that have argued there is a need formore scien-
tific research specific to Northern Ireland (LELP, 2017). No other activi-
ties were seen as key enablers across more than a handful of goals. In
most cases associations with enabling activities were quite specific;
for example, ‘Flood management’was enabling for the ‘Drainage’, ‘Rec-
reation’ and ‘Commercial’ goals, whilst ‘Boating infrastructure’ was for
‘Economy & heritage’, ‘Biosecurity’, ‘Recreation’ and ‘Engagement’
goals. This suggests that the needs of a range of users will require mul-
tiple different activities to be in place.
With regards to biodiversity components perceived by stakeholders
to enable their goals, there are two key biodiversity groups. Policy rele-
vant species (e.g. Pollan, Eel, Eurasian Otter) showed a high number of
strongly positive results. This suggests that the policies in place play a
vital role for stakeholders involved in this SES analysis. Likewise,
















































































Fig. 5. The proportion of negative (blue), strongly negative (red), positive (green) and strongly positive (purple) scores across the 12 stakeholder goals for each of the 37 biodiversity
components. Numbers at the end of each bar indicate the overall connectance of the components with goals (as the percentage of all goals that had either negative or positive
interactions with that component).
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widely perceived to have a positive influence on goal attainment, such
as ‘lakes’, ‘rivers and streams’, ‘seasonally flooded grassland’, ‘sedge
and reedbeds’, and ‘deciduouswoodland’. The associations suggest pos-
itive associations reflecting the dependencies of a range of stakeholders
on the broad system environment. Results were more mixed for the
broad animal groups such as Amphibians, Mammals and Birds, with
some goals being associated with strongly positive interactions, whilst
others were neutral or even negative.
4.3. Conflict and opportunity across goals
In many cases, SES components were viewed positively regarding
some goals and negatively regarding others. This highlights the poten-
tial for conflict in trying to meet the needs of a range of stakeholders.
Of most concern were those components where there were both
strongly positive and strongly negative dependencies noted. For exam-
ple, five stakeholders perceived ‘hydroelectric power’ as strongly nega-
tive and three stakeholders perceived it to be strongly positive. It is an
example of the potential conflict seen between stakeholders and the
need formultiple outcomes to be considered for each goal to be success-
ful. Mixed results were also seen for some biodiversity components al-
though this was less prevalent. ‘Pike’ holds a mix of negative and
positive results. As the only commercially fished species in the Lough,
it plays an important role to both local livelihoods and biodiversity of
the lough, with sanctuary areas created to protect the species (Rosell,
1994). But it was once listed as an invasive species, and perhaps is still
seen as a large issue to the Lough's biodiversity in policies, yet this
does not necessarily mean it is not still an issue to users of the Lough.
The modularity analysis undertaken helps to see groupings of goals
with common perceptions of activity or biodiversity components. This
illustrated that there are commonalities between small groups of goals
in terms of those SES components they find to be limiting or enabling.
Perhaps what we gain most from such an exercise is a broader un-
derstanding of the system from the perspective of multiple users. One
emergent property of the SES explored was that for some goals (e.g.
Biosecurity) there were high levels of dependency across many of the
components explored, whilst for others, there was relatively low
connectance with the SES components. However, it should be noted
that whilst some goals may be perceived to have low connectance
with other activities occurring in the system in terms of their own
goal attainment, their own associated activities (e.g. hydropower ex-
traction, food management) were perceived by other stakeholders to
be limiting to their own goals.
5. Conclusions
The multi-faceted use of Lough Erne has led to a diverse range of
stakeholders and consequently, a diverse range of goals. These goals
aim to increase activities on the Lough whilst also protecting its biodi-
versity, heritage and rural economy. Over the 12 stakeholder goals ex-
plored, we found there are distinct components which are deemed
integral to the success of stakeholder goals. These componentsmost no-
tably include ‘key habitat components’, ‘policy relevant species’, ‘con-
servation and recreation’ and ‘scientific research’ activities. The
limiting factors seen to be detrimental to stakeholder goals include a
range of invasive species, most notably the ‘zebra mussel’ and ‘Nuttall's
pondweed’, ‘mining and quarrying’ and ‘boating with engines’. In order
to reduce conflict and meet the needs of the majority of stakeholders
and protect the overall socio-ecological functioning of the system, the
Fig. 6. Visualisation ofmodular sub-sets of activities with the stakeholder goals they affect, weighted according to the type of interaction with darkest blue gradation of squares indicating
strongly positive interactions and lightest blue indicating strongly negative. Modules are identified in red and labelled as A. (activity) A–D.
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use of consumptive activities and spread or management of invasive
species needs to be looked at carefully.
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